Tropical tree floras are highly diverse and many genera and species share similar anatomical patterns, making the identification of tropical wood charcoal very difficult. Appropriate tools to characterize charcoal anatomy are thus needed to facilitate and improve identification in such species-rich areas. This paper presents the first computer-aided identification key designed for charcoals from French Guiana, based on the wood anatomy of 507 species belonging to 274 genera and 71 families, which covers respectively 28%, 67% and 86% of the tree species, genera and families currently listed in this part of Amazonia. Species of the same genus are recorded together except those described under a synonym genus in Détienne et al. (1982) that were kept separately. As a result, the key contains 289 'items' and mostly aims to identify charcoals at the genus level. It records 26 anatomical features leading to 112 feature states, almost all of which are illustrated by SEM photographs of charcoal. The descriptions were mostly taken from Détienne et al.'s guidebook on tropical woods of French Guiana (1982) and follow the IAWA list of microscopic features for hardwood identification (Wheeler et al. 1989). Some adjustments were made to a few features and those that are unrelated to charcoal identification were excluded. The whole tool, named CharKey, contains the key itself and the associated database including photographs. It can be downloaded on Figshare at https://figshare. com/s/d7d40060b53d2ad60389 (doi: 10.6084/m9.figshare.6396005). CharKey is accessible using the free software Xper², specifically conceived for taxonomic description and computer aided-identification.
INtRODUCtION
Anthracology, the science dedicated to the study of carbonized wood, is a powerful method to reconstruct past vegetation (e.g. Heinz & thiébault 1998; talon et al. 1998; Scheel-Ybert et al. 2003; Touflan et al. 2010) or to infer past fire-related human activities (e.g. Bal et al. 2010; Morin-Rivat et al. 2014; Scheel-Ybert et al. 2014) . As such, anthracology plays a major role in paleoecological and archeological studies. It is mostly based on the identification of wood charcoal found in natural sediments or in archeological contexts. Although anthracology has been widely used in temperate regions since the 1970s, studies in tropical areas are more recent and far less numerous (for a review see Scheel-Ybert & Gonçalves 2017) . As a result, descriptions of charcoal anatomy as well as studies aiming to improve identification in areas of extreme diversity are still scarce (e.g. Hubau et al. 2012; Hubau et al. 2013; Scheel-Ybert & Gonçalves 2017; Höhn & Neumann 2018) . In tropical South America, anthracological studies have mostly been conducted in Brazil by Rita Scheel-Ybert since the late 1990s while other parts of Amazonia, including the Guiana Shield where endemism is present, remain poorly studied. To our knowledge, no anthracological studies have been conducted in the Guianas since the pioneer work of Christophe Tardy in French Guiana twenty years ago. Hence, there is a need to improve charcoal identification in this species-rich area.
Since most of the anatomical characteristics of wood are preserved after carbonization and most can be used for charcoal identification, Neotropical anthracologists usually rely on wood anatomy atlases (Détienne & Jacquet 1983) or identification guidebooks (Dechamps 1979 (Dechamps , 1980 (Dechamps , 1985 . But because of the high species diversity of tropical tree flora, and the similarity of anatomical patterns among species of the same genus and even among genera of the same family, computer-aided keys are undoubtedly much more efficient than atlases. In this sense, the InsideWood online database (2004-onwards; Wheeler 2011) , which contains over 1,600 anatomical descriptions and images of taxa occurring in tropical South America, is an important identification tool for neotropical anthracologists. However, despite its usefulness for anthracology, InsideWood includes several features that are difficult to observe or absent from charcoal. Some microscopic features become less visible (e.g. vestured and bordered pits, tanniferous tubes or the number of bars in scalariform perforation plates) because of carbonization or taphonomy (Hubau et al. 2012) ; macroscopic, mechanical and organoleptic characteristics can no longer be perceived and measurements of quantitative features may substantially differ from those made in wood. In addition to these issues, InsideWood uses the broadly defined geographic features of the IAWA Hardwood list, e.g. Feature 186, Tropical South America, which includes many species not present everywhere within tropical South America. Checking which species actually occur in a given area and sorting relevant features when identifying an unknown sample can make the identification process very time consuming. As such, when research is conducted in targeted geographical areas, local keys that focus only on the features that are useful for anthracology can simplify and speed up the identification process.
Ideally, charcoal identification keys should be directly generated from anthracological atlases and collections rather than from descriptions of wood, but describing and databasing all the taxa included in such collections is extremely time consuming (Dotte-Sarout 2011). As a matter of fact, the first neotropical anthracological atlas was only published recently (Scheel-Ybert & Gonçalves 2017) . Along with -and based on -such fundamental works, computer-aided identification keys dedicated to charcoal will help improve anthracological studies.
Here we present the first computer-aided identification key dedicated to wood charcoal in French Guiana. It is based on anatomical descriptions of 507 species recorded under 274 genera and covering 71 families, representing respectively 28%, 67% and 86% of the tree species, genera and families currently listed in this region (Molino et al. 2009; Molino et al. unpublished data) . The selected features mostly follow the IAWA list of microscopic features for hardwood identification (Wheeler et al. 1989) and nearly all are illustrated with photographs of charcoal using a SEM at the Electron and Analytical Microscopy Platform, University of Montpellier (France).
Taxonomic spectrum
the list of species included in CharKey is presented in Supplementary Material. In addition to those described in Détienne et al. (1982) , this list includes 37 species described only in Détienne & Jacquet (1983) which are amongst the 1,700 native Molino et al. (unpublished data) . Menispermaceae (rank 71) are not in the checklist because they do not reach a dbh ≥ 10 cm. -b: The genera absent from the checklist, corresponding to ranks 271 to 274, are Artocarpus, Gmelina (both introduced), Abuta and Machaerium (lianas with a dbh < 10 cm). The detailed lists of genera and species with their ranking can be found in the Supplementary Material. (2), then on the "Image" tab (3). To start the identification process, click on "identification" in the tool bar at the top of the screen (4). -b: Identification window. To start the process, select a descriptor (5) and at least one state (6). Note that the logical operator can be chosen (7). When the user clicks on "submit" (8), the list of taxa corresponding to the selected features appears in the top right window. Click on one of them (9) to see the list of species in each genus present in French Guiana. throughout the process, the mismatch threshold can be changed in the options (10) and the selected features can be seen and removed one by one by clicking on the "Description in progress" tab (11). The current search can be closed and a new identification started by pressing the "Reset" button (12).
tree species of French Guiana (Molino et al. 2009 ). Furthermore, we have also added 8 species included in our reference collection which were not described in the references cited. The classification of families follows the Angiosperm Phylogeny Group (2016); that of Leguminosae (Fabaceae) follows that of the Legume Phylogeny Working Group (LPWG 2017) . The genera and species taxonomy and nomenclature was updated to match the most recent accepted revisions of families and genera (Molino et al. 2009 ). the key contains no double entries under different synonyms. Species described in Détienne et al. (1982) that are not present in French Guiana (either native or introduced) were left out. Among the 507 species included in CharKey, about 2% are endemic to French Guiana and 16% are endemic to the Guiana Shield, which includes the Guianas (Guyana, French Guiana and Suriname) and adjacent parts of Venezuela, Brazil and Colombia. The number of genera per family described in CharKey compared with what is currently known in French Guiana (Molino et al. unpublished data) is given by Figure 1a . The Leguminosae family has the highest number of genera (63) of which 48 are described in CharKey. In contrast, 25 of the 71 families are represented by a single genus. Figure 2b gives the number of species per genus: 29% of the genera in French Guiana are represented by a single species (Molino et al. unpublished data) and the average is about 6 species per genus. the richest genera (> 50 species) are Pouteria, Sapotaceae (60 species), Inga, Leguminosae (59 species) and Eugenia, Myrtaceae (59 species).
Charcoal anatomical features
A total of 26 anatomical features (referred to as "descriptors" in Xper²) are recorded in CharKey, leading to 112 feature states (hereafter "states", like in Xper²). Most of the descriptors and their states were taken from the IAWA list of microscopic features for hardwood identification (Wheeler et al. 1989) ; some were left out or refined depending on the peculiarities of charcoal (table 1) .
Refined features
Charcoal has fewer diagnostic features than wood, which makes identification even harder. Therefore, when possible, the remaining observable features need to be made more specific in order to improve identification and to avoid long lists of taxa at the end of the identification process. In CharKey, three IAWA features were refined. Feature 97 (ray width 1 to 3 cells) was split into three states (97a, 97b and 97c) corresponding to different ray width: 1-seriate, 2-seriate or 3-seriate. If an unknown charcoal has mostly 2-seriate rays, this means all taxa that usually have 1-or 3-seriate rays can be excluded. If the unknown charcoal presents a combination of 1-to 3-seriate rays, then the different states can be simply selected together. In the same way, feature 98 (larger rays commonly 4-to 10-seriate) was split into states 98a and 98b, "larger rays commonly 4-seriate" and "larger rays commonly 5-to 10-seriate". Finally, feature 7 (vessels in diagonal and/or radial pattern) was split into 7a and 7b, corresponding respectively to vessels in diagonal pattern and vessels in radial pattern. 
Additional features
A feature related to the appearance of the ray, as seen in tangential section, was added on the basis of the photographs in Détienne & Jacquet (1983) to help discriminate between taxa: the presence of multiseriate rays with long uniseriate marginal rows. It includes heterogeneous and homogeneous rays and partly corresponds to the "heterogeneous type I" of Kribs (1935) . Another supplementary feature is the presence of helical thickenings in the axial parenchyma, which were described in several genera of the Chrysobalanaceae (ter Welle 1975; Détienne et al. 1982) . In the same way, the presence of crystals in the included phloem of some species (Antonia ovata, Strychnos glabra and Mouriri spp.) led us to add another state to the descriptor "crystal location".
Non-relevant features
Features that are not useful for charcoal identification were not included in the key. Some anatomical features usually visible in wood may be not visible in charcoal as a result of carbonization. this includes deposits in vessels and features concerning color, density or smell. This also includes features that require maceration of the wood such as mean vessel element length, mean fiber length and vitreous silica. We also excluded features that are usually hard to see (vascular tracheids and the exact location of helical thickenings in vessels) or hard to count (the number of cells per parenchyma strand and the number of bars in scalariform perforation plates) in charcoal, especially in archeological material. Finally, charcoal shrinkage during carbonization can alter the outline of the vessel and the shape of alternate pits, so we did not include these features in CharKey.
Features to be added in future versions
Some features were not included in the present version because information was lacking for many species, but will be included in future versions. These features are thickness of the fiber wall, the number of ray tiers per axial millimeter and the types of crystals (druses, raphids, etc.) . Finally, the size of intervessel pits will be added using measurements made on pit aperture, because the pit chamber is usually not visible on charcoal, maybe as a result of carbonization as suggested by Gonçalves et al. (2012) .
HOW tO USE tHE IDENtIFICAtION KEY

First view of CharKey through Xper²
When the key is opened, the list of 26 descriptors appears in the top left window ( Fig. 2a) (the descriptor indexes are generated automatically by Xper² and are not linked with the IAWA code). When clicking on a descriptor (1), its states appear in the top right window and its definition in the bottom left window. (The state codes are those of IAWA). If the feature has poor diagnostic power, this is specified in the definition window. When clicking on a state (2), the corresponding definition appears in the bottom left window and the associated pictures can be seen by clicking on the "Images" tab (3). To start an identification, the user has to click on "Identification" in the tool bar (4).
Identification process
The descriptors appear on the left, just above their different states with the number of corresponding taxa (« items » in Xper²) in brackets (Fig. 2b) . When clicking on a descriptor (5) or on a state (6), its definition and related images appear in the middle windows. To select several states, "ctrl" must be pressed. The user can choose the logical operator by clicking in the drop-down menu in the states window (7). We strongly advise to only use "OR" (default) or "AND" and to avoid using "NOt" because this could eliminate taxa by mistake. The genera recorded in CharKey contain specific variability: this means that, if a feature or a state is excluded during the identification process, it may exclude a genus including a matching species. For instance, if the user excludes feature state 32, then the genus Lecythis and all its species will be discarded, even those that do not present this feature state. the exclusion of features should only be used as a last step, to help discriminate the remaining items or when the absence is obvious (e.g. absence of included phloem). the user should also be careful not to exclude features such as radial canals or scalariform perforation plates which may be missing from small fragments. When the states are selected, the "Submit" button must be pressed (8) to refresh the list of corresponding items. The window on the right lists all the taxa included in the key: 274 genera plus species that were recorded independently of their genus because they were described under a synonym genus in Détienne et al. (1982) (see Supplementary Material for the revised nomenclature), giving 289 items. the user can see the list of species present in French Guiana for each genus by clicking on an item (9): the information will appear in the definition window, thereby allowing to assess the degree of uncertainty when identifying a genus. The habit and the relative abundance of the species described in CharKey are indicated in the Supplementary Material, giving a hint about which species are more likely to match the unknown sample. The discarded ones will appear in the bottom right window. When the selected states are common, the list of remaining taxa may be long. In these cases, the only way to move forward in the identification process is to switch to atlases and reference collections, which are irreplaceable resources. If the results do not match the sample observed, the number of permitted mismatches can be modified by clicking on "Options" (10), then "Identification" and "Mismatch threshold". The selected states can be seen and removed one by one throughout the identification process by clicking on the "Description in progress" tab (11). Finally, the "Reset" button (12) allows to clear all windows and start a new identification.
Qualitative features and discriminant power
To avoid misidentification, tyloses, silica and crystals should only be considered as diagnostic features when they are very abundant. In some woods, helical thickenings can also be observed even though previous descriptions fail to mention them. For example, Scheel-Ybert and Gonçalves (2017) describe the presence of helical thickenings in Tapirira (Anacardiaceae), whereas this feature is not mentioned in this genus by Détienne et al. (1982) or by Détienne and Jacquet (1983) . the presence or absence of helical thickenings is a very useful diagnostic feature when identifying wood of temperate species; however, their relevance to tropical wood identification may be subject to debate (Baas 1973; Ter Welle 1975) . For now, these features should only be considered as supporting information and consequently should not be given undue importance at the beginning of the identification process.
Quantitative features and charcoal shrinkage
Some quantitative features have to be considered with care because charring causes shrinkage, especially in the tangential direction due to the anisotropic behavior of charcoal (McGinnes Jr et al. 1971; Beall et al. 1974; Prior & Gasson 1993) . the impact of charring is particularly clear in the tangential diameter of vessel lumina, which is significantly reduced (Prior & Gasson 1993; Gonçalves et al. 2012) , especially in grouped vessels (Prior & Gasson 1993) . Although these studies found no statistical evidence for an effect of carbonization, either in the number of vessels per square millimeter, or in the number of rays per millimeter, such an effect cannot be excluded. It should therefore be kept in mind that a measurement made on charcoal can fall into one of the lower or higher categories when selecting states of the three quantitative features "tangential diameter of vessel lumina", "vessels per square millimeter" and "rays per millimeter", which were measured on wood.
Expected outcome of the identification
Anatomical descriptions were mostly recorded in CharKey at the genus level, because identification at the species level is rare, especially in the tropics. At the same time, some families are anatomically homogeneous, which means it is very difficult to even distinguish between genera based on wood anatomy. The level at which identification is possible has therefore to be taken into consideration. Like in Détienne et al. (1982) , the descriptions of genera known in French Guiana are recorded separately in the key. However, it should be kept in mind that it may be risky to try to identify a specimen to the genus level if it belongs to one of the following families or subfamilies: Anacardiaceae/Burseraceae pro parte, Annonaceae, Bombacoideae pro parte, Chrysobalanaceae, Combretaceae, Humiriaceae, Lauraceae, Lecythidaceae pro parte, Leguminosae pro parte, Melastomataceae pro parte, Moraceae pro parte, Myrtaceae and Sapotaceae. The user can check which feature could help to distinguish a genus by selecting all the items proposed as results, by right-clicking and selecting "comparison". This opens a window in which the discriminant features appear in blue. It is up to the user to decide whether the proposed features are really discriminant or not. For example, it may be not advisable to distinguish one genus from another on the basis of the "presence of tyloses", as explained in the "Qualitative features and discriminant power" section above. Nevertheless, identification at the species level is sometimes possible, for example, when a family is represented by a single species (e.g. Goupia glabra, Goupiaceae or Hernandia guianensis, Hernandiaceae) or when a species within a genus is distinct from the others (e.g. Eugenia patrisii, Myrtaceae).
APPLICAtION OF tHE IDENtIFICAtION KEY
CharKey aims to make the identification process faster and easier for charcoal found in French Guiana. As its database is local, the outputs proposed by the key will only contain taxa that are actually present in French Guiana, whereas InsideWood gives outputs for the whole of "tropical South America". The list of taxa covering this area includes very many species that are not present in French Guiana, which consequently requires the user to check their geographical distribution. this can be a quite laborious process, especially if the unknown sample belongs to a huge anatomically homogeneous family like the Leguminosae. As an illustration, we took a charcoal from the Guianan reference collection belonging to this family: Recordoxylon speciosum (Fig. 3 ) and compared the outputs given by InsideWood and CharKey. the features used in the search with InsideWood are 13p 22p 29p 30p 40a 49a 50a 75a 80p 83p 97p 104p 186p and those used with CharKey are, in order: "Vessel arrangement: Diffuse"; "Vessel groupings: Solitary or not"; "Axial parenchyma: Present"; "Parenchyma types: 81 OR 82 OR 83"; "Rays: cellular composition: 104"; "Vessel-ray pitting: 30"; "Intervessel pits: 22 AND 29"; "Ray width and ray height: 97b"; "Multiseriate rays with long uniseriate marginal rows: Present". With InsideWood, Recordoxylon speciosum appears in the search results among 93 descriptions covering 50 genera (accessed on August 29, 2018). Among these, there are 56 descriptions of species not present in French Guiana. With CharKey, it appears in a more restricted list of 10 items covering 9 genera. States 97b and "Multiseriate rays with long uniseriate marginal rows: Present" each make it possible to discard 14 items, thereby revealing their usefulness in the efficiency of the key. By focusing only on local species, the key allows the user to directly compare results with a reference collection and atlases without sorting them according to species distribution.
Nevertheless, even if the unknown sample is present in French Guiana, we still recommend comparing the results with InsideWood, especially with taxa for which identification is problematic. If the outputs are different, a misidentification will be avoided. This could be the case if the sample to be identified is not yet described in this version of CharKey. For instance, the Bixaceae family is absent in this version. We compared the results in CharKey and in InsideWood using the example of Bixa orellana, a cultivated species introduced in French Guiana (Fig. 4) . the 32 results given by InsideWood (search criteria 9a 13p 22p 30p 40a 43a 46a 76p 77p 97p 104a 105a 118p 186p with 1 allowable mismatch) include Bixa orellana (accessed on August 29, 2018) whereas CharKey cannot give correct results. Depending on the order in which the search criteria were selected, the search will end either by a list that obviously does not include the species to be identified or by no results at all. For instance, if the first three search criteria are (in order): "Vessel arrangement: Diffuse"; "Vessel groupings: Solitary or not" and "Storied structure: 119 AND 120", the key will propose five items belonging to Malvaceae. After comparison with a reference collection or atlases, the user will see that these species do not match the "unknown" sample. That is why, in the case of doubt, using another identification tool like InsideWood to compare results is highly recommended. For now, 12 Guianan woody families have no representatives in CharKey and about 30% of the species described in it have no anatomical description in InsideWood or are only represented by pictures. Both identification tools will be further enriched with descriptions of more Guianan wood.
CONCLUSION
CharKey is the first step in the making of a larger identification key for Guianan wood charcoals. Its purpose is to make identifications faster and easier. It cannot -and is not intended to -replace atlases and reference collections. CharKey is a complementary tool to be used as a first step in the identification process, as it guides users through the reference species under consideration. Knowing the diversity of the Guianan woody flora, this key will save time. Although it is not exhaustive, CharKey already covers the majority of woody families known in French Guiana. It will be further improved with the addition of new native species along with introduced and cultivated species. More anatomical features will also be added or refined to improve charcoal identification. This will be possible through the study of quantitative features on charcoal specimens from the reference collection as already carried out by Scheel-Ybert and Gonçalves (2017) with Brazilian species. Lastly, new photographs will be included to illustrate species present in CharKey as well as the anatomical diversity that can be found at genus -and even at species -level. 
Content: List of taxa
List of taxa included in CharKey. A total of 503 of the 507 species are indigenous, 4 are introduced. Of the indigenous species 81 are endemic to the Guiana Shield including 8 that are endemic to French Guiana. Note: 17 species from the ancient nomenclature are actually duplicates because of synonymy.
(*): cultivated; (**): introduced Asian species. (!): not a synonymy. It is the correct identification for all herbarium specimens from French Guiana formerly classified under the name in Détienne et al. (1982) . The latter name is valid but not present in FG.
The 6 columns from left to right:
Family and species names. Nomenclature in Détienne et al. (1982) .
Updated nomenclature.
Indigenous taxa, yes or no.
Endemic taxa, yes or no. -(GS) = Guiana Shield, (FG) = French Guiana.
Habit and abundance.
Reference collection numbers not described in the references cited.
Family / Nomenclature in Détienne et al. 
Yes No
Protium crassifolium
Engl.
Protium giganteum
var. crassifolium 
Acioa guianensis
Aubl.
Yes Yes (GS) Forest tree, uncommon
Chrysobalanus icaco L.
Yes
No Forest tree, rather common
Couepia glandulosa
Miq.
Couepia guianensis
subsp. glandulosa 
Licania hypoleuca
Benth.
Yes
Licania incana
Yes Yes (GS) Forest tree, uncommon
Licania irwinii
Prance Yes Yes (GS) Forest tree, rather common
Licania kunthiana
Hook.f.
Yes
No Forest tree, rather common 
Licania licaniiflora
Sagot
Hernandia guianensis
Yes
Humiriaceae
Humiria balsamifera
Yes
No Forest tree, common
Sacoglottis cydonioides
Cuatrec.
Yes
Sacoglottis guianensis
Yes
Vantanea parviflora
Lam. 
Yes
Lecythis davisii
Sandwith
Lecythis zabucajo
Yes
Lecythis davisii Sandwith var. gracilipes
Eyma
Lecythis zabucajo
Yes
Leguminosae-Caesalpinioideae
Batesia floribunda
Spruce ex Benth.
Yes
Cassia fastuosa
Willd. ex Benth.
Yes
No Forest tree, uncommon
Cassia sagotiana
Cassia spruceana
Yes
Cassia spruceana
Yes
Dimorphandra hohenkerkii
Sprague & Sandwith 
Leguminosae-Caesalpinioideae (mimosoid clade)
Inga heterophylla
Willd.
Yes
Inga lateriflora
Yes
Inga leiocalycina
Yes
Inga meissneriana
Miq. 
Inga vera
Leguminosae-Detarioideae
Hymenaea courbaril 
Erythrina glauca
Erythrina fusca
Lour. 
Yes
Byrsonima obversa
Byrsonima laevigata (Poir.) DC.
Yes
Byrsonima rugosa
Byrsonima stipulacea
A. Juss. 
